The dynamin family of GTPases regulate mitochondrial fission and fusion processes and have been implicated in controlling the release of caspase activators from mitochondria during apoptosis. Here we report that profusion genes fzo-1 and eat-3 or the profission gene drp-1 are not required for apoptosis activation in C. elegans. However, minor proapoptotic roles for drp-1 and fis-2, a homolog of human Fis1, are revealed in sensitized genetic backgrounds. drp-1 and fis-2 function independent of one another and the Bcl-2 homolog CED-9 and downstream of the CED-3 caspase to promote elimination of mitochondria in dying cells, an event that could facilitate cell-death execution. Interestingly, CED-3 can cleave DRP-1, which appears to be important for DRP-1's proapoptotic function, but not its mitochondria fission function. Our findings demonstrate that mitochondria dynamics do not regulate apoptosis activation in C. elegans and reveal distinct roles for drp-1 and fis-2 as mediators of cell-death execution downstream of caspase activation.
INTRODUCTION
Genetic studies in C. elegans have led to the identification of a central killing pathway that is conserved between nematodes and humans (Horvitz, 1999) . In cells destined to undergo apoptosis, the BH3-only proapoptotic protein EGL-1 is upregulated and binds to CED-9, an antiapoptotic Bcl-2 homolog, resulting in the disassociation of CED-4, a mammalian Apaf-1 homolog, from the CED-4/CED-9 complex tethered on the surface of mitochondria (Horvitz, 1999) . CED-4 subsequently oligomerizes and activates the CED-3 caspase zymogen (Yan et al., 2006) , which then orchestrates numerous cell disassembly and cleanup processes, including fragmentation of chromosomal DNA (Parrish et al., 2001; and removal of cell corpses (Reddien and Horvitz, 2004) .
The cell-death activation process in mammals appears to be far more complex and involves release of proapoptotic factors from the intermembrane space of mitochondria. For example, Bcl-2 family proteins impinge on the structure of mitochondria, causing dramatic changes in mitochondria size and cristae structure and ultimately increased permeability of the outer mitochondrial membrane to caspase activators such as cytochrome c and Smac/Diablo (Antignani and Youle, 2006; Cereghetti and Scorrano, 2006) . In addition, dynamin family GTPases, such as DRP1, which is required for mitochondrial fission, and OPA1 and MFN1/FZO1, which control inner and outer mitochondrial membrane fusion events, respectively, have been reported to mediate some of the structural rearrangements of mitochondria observed during apoptosis (Cereghetti and Scorrano, 2006; Chan, 2006) . Downregulation of MFN1/FZO1 and concurrent activation of DRP1 was shown to cause dramatic fragmentation of the mitochondrial network during apoptosis (Frank et al., 2001; Karbowski et al., 2002 Karbowski et al., , 2004 , whereas disruption of OPA1 oligomers leads to remodeling of inner membrane cristae (Cipolat et al., 2006; Frezza et al., 2006) . These changes in mitochondrial network and structure, in some cellular contexts (Frank et al., 2001; Frezza et al., 2006; Lee et al., 2004) , but not in others (Delivani et al., 2006; Estaquier and Arnoult, 2007; , appear to affect the release of cytochrome c from the mitochondrial intermembrane space and subsequent caspase activation. Fis1, which may recruit DRP1 to the outer mitochondrial membrane (Okamoto and Shaw, 2005) , has also been suggested to mediate mitochondrial fission and apoptosis signaling in yeast (Fannjiang et al., 2004; Mozdy et al., 2000) and in mammals (Alirol et al., 2006; James et al., 2003; Lee et al., 2004; . Recently, C. elegans drp-1 was reported to promote ced-9-dependent mitochondrial fission and apoptosis, possibly by releasing caspase activating factors from mitochondria , leading to the hypothesis that apoptotic mitochondrial fission is an evolutionarily conserved aspect of caspase activation. However, this hypothesis has yet to be substantiated by genetic analysis. As a result, the exact roles of mitochondrial fission and fusion processes in apoptosis and their positions in the cell-death pathway with respect to caspase activation and Bcl-2 family proteins remain unclear .
Here, we report systematic genetic and cell biological characterization of the contribution of mitochondrial fission and fusion processes to programmed cell death in C. elegans. Surprisingly, we found that loss of the mitochondrial dynamin genes, drp-1, fzo-1, and eat-3 (an OPA1 homolog), does not affect the activation or the kinetics of programmed cell death in C. elegans, even though loss of drp-1 blocks mitochondrial fission and loss of fzo-1 or eat-3 prevents mitochondrial fusion and causes excessive mitochondrial fission. However, minor and independent roles for drp-1 and fis-2 (a Fis1 homolog) downstream of CED-3 activation in promoting mitochondrial elimination and cell-death execution were uncovered in sensitized genetic backgrounds. Furthermore, we find that DRP-1 can be cleaved by CED-3 in vitro, and such cleavage appears to be important for DRP-1's proapoptotic function in vivo, but not its mitochondrial fission function, suggesting that the proapoptotic function of DRP-1 can be separated from its mitochondrial fission function. Our results argue against a conserved, caspase-activating role for mitochondrial dynamins and highlight distinct roles for drp-1 and fis-2 downstream of caspase activation.
RESULTS
drp-1, fzo-1, and eat-3 Regulate Mitochondrial Fission and Fusion in C. elegans The C. elegans genome contains three genes, fzo-1, eat-3, and drp-1, which encode orthologs of MFN1/FZO1, OPA1, and DRP1, respectively. Two homologs of Fis1, fis-1 and fis-2, exist in the worm, and they share a similar degree of sequence homology to the human and yeast Fis1 proteins ( Figure S1 available online). For each of these genes, we obtained deletion allele(s) that disrupt the respective coding sequences and are expected to be strong loss-of-function (lf) or null mutations ( Figure S2 ).
fzo-1(tm1133), eat-3(ad426) , and eat-3(tm1107) animals exhibit slow growth, reduced brood sizes, and high percentages of embryonic lethality (Avery, 1993) , probably due to compromised mitochondrial functions important for the vitality of the cells (Chan, 2006) . The eat-3(ad426) mutation causes a Val 328 to Ile substitution within the GTPase domain (Avery, 1993; D.G.B. and D.X., unpublished data) . drp-1(tm1108) animals also exhibit reduced brood sizes and a high percentage of embryonic lethality, whereas fis-1(tm1867), fis-1(tm2227), fis-2(gk363), and fis-2(tm1832) animals, as well as fis-1(tm1867); fis-2(gk363) double mutant animals, appear superficially wild-type (data not shown). Staining of live embryos with tetramethyl rhodamine ester (TMRE), a mitochondria-specific dye, and thin section electron microcopy analysis revealed striking differences in the overall connectivity of the mitochondrial network in embryos of the various mutant backgrounds ( Figures 1A-1N ). Compared to wild-type N2 animals, TMRE-stained mitochondria in drp-1(tm1108) embryos appeared clumpy and highly fused ( Figures  1A and 1B) , and the number of mitochondria observed in EM sections of drp-1(tm1108) embryos was low. But individual mitochondria were often very long, with an increased longitudinal mean length of 2.28 mm, compared with 0.95 mm mean length in N2 animals ( Figures 1I, 1J, and 1N) . These results suggest a reduction in mitochondrial fission in drp-1(tm1108) animals . Conversely, mitochondria appeared highly fragmented in fzo-1(tm1133), eat-3(ad426), and eat-3(tm1107) embryos (Figures 1F and 1G and data not shown) . Electron micrographs of fzo-1(tm1133) and eat-3(ad426) embryos displayed an increased number of spherical mitochondria with rather uniform length (mean lengths of 0.38 mm and 0.44 mm, respectively) ( Figures 1L and 1M) . Therefore, fzo-1 and eat-3 appear to be required for mitochondrial fusion in C. elegans. In addition, mitochondria in eat-3(ad426) embryos had disrupted cristae structures ( Figure S3 ), suggesting that, like OPA1 in mammals, EAT-3 is required for maintenance of mitochondrial cristae (Frezza et al., 2006) . Mitochondria in the fzo-1(tm1133); drp-1(tm1108) double mutant were highly connected and indistinguishable from those in drp-1(tm1108) single mutant embryos (compare Figures 1B  and 1H ), indicating that drp-1 is required for the mitochondrial fragmentation observed in fzo-1 mutants (Bleazard et al., 1999) . Similar mitochondrial morphologies were observed in body wall muscle cells, the germline, and the intestinal cells of each mutant strain (data not shown). The defects in mitochondrial morphology observed in drp-1(tm1108), fzo-1(tm1133), and eat-3(ad426) animals are similar to those described for loss-of-function mutants of their respective homologs in yeast, mouse, and humans (Chan, 2006) . Mitochondrial connectivity appears normal in fis-1(tm1867), fis-1(tm2227), fis-2(gk363), and fis-2(tm1832) single mutants and in the fis-1(tm1867); fis-2(gk363) double mutant (Figures 1C, 1D, 1E , and 1K and data not shown), suggesting that, unlike in yeast and mammals (Okamoto and Shaw, 2005; Chan, 2006) , C. elegans fis genes are not required for mitochondrial fission. However, it is possible that fis-1 and fis-2 function redundantly with other unknown genes to regulate mitochondrial fission.
Cell Death Occurs Normally in the Absence of Mitochondrial Fission or Fusion in C. elegans We next examined the kinetics of programmed cell death in various mitochondrial fission and fusion mutants by conducting a time course analysis of cell-corpse appearance during embryo development. In this assay, mutants strongly defective in cell death have few cell corpses at all stages of embryonic development (Ellis and Horvitz, 1986; Stanfield and Horvitz, 2000) , mutants that are weakly defective in cell death often display a delay in cell-corpse appearance or reduced cell-corpse numbers (Parrish et al., 2001; Stanfield and Horvitz, 2000; , and mutants defective in antiapoptotic genes or genes involved in cell-corpse engulfment have increased cell-corpse numbers at all embryonic stages (Hedgecock et al., 1983; Ellis et al., 1991; Hengartner et al., 1992; Bloss et al., 2003) . Although fzo-1(tm1133), eat-3(ad426) , and eat-3(tm1107) animals had highly fragmented mitochondria (Figure 1) , the numbers of cell corpses in these mutants were normal at all stages of embryonic development ( Figure S4A ), indicating that excessive mitochondrial fragmentation per se does not cause ectopic cell deaths in C. elegans. We confirmed this finding in a sensitized genetic background, ced-1(e1735), where engulfment of apoptotic cells is blocked and a small increase in cell deaths will result in a greater increase in the number of persistent cell corpses (Hedgecock et al., 1983; Ellis et al., 1991; Bloss et al., 2003) ( Figure S4B ). The cell-corpse numbers or the kinetics of cellcorpse appearance were also unaffected in drp-1(tm1108) animals ( Figure S4C ), even though mitochondria were constitutively fused (Figure 1) . fis-1(tm1867), fis-2(gk363), and fis-2(tm1832) single mutants, and fis-1(tm1867); fis-2(gk363) double mutant animals also had cell-corpse profiles that did not significantly differ from that of wild-type animals ( Figure S4C ). Altogether, these results suggest that defects in mitochondria fusion or fission do not obviously affect programmed cell death in C. elegans.
We also examined whether any of these mutations can block cell death by counting the number of inappropriately surviving cells that normally die during the development of the anterior pharynx (Ellis and Horvitz, 1986; . No extra surviving cells were found in the anterior pharynx of any of the individual mitochondrial fission or fusion mutants or in the fis-1(tm1867); fis-2(gk363) double mutant (Table 1) . Thus, programmed cell death occurs normally in C. elegans in the absence of either mitochondrial fusion or fission.
drp-1 and fis-2 Have Minor, Independent Roles during Programmed Cell Death Our analysis of the drp-1(tm1108) mutant, which has no detectable DRP-1 protein expression ( Figure S5 ) and thus represents a strong loss-of-function or null mutant, contrasts with the conclusion of a previous report that drp-1 plays a significant role in promoting apoptosis in C. elegans . The conclusion by Jagasia et al. was based on the observation that ectopic expression of a dominant-negative DRP-1(K40A) mutant resulted in the survival of 2 to 3 extra cells in the anterior pharynx of transgenic animals. The different cell-death phenotypes observed between drp-1(tm1108) animals and animals overexpressing drp-1(K40A) may reflect an off-target effect of the dominant-negative mutant, since overexpresssion of DRP-1(K40A) induced a similar number of extra cells in drp-1(tm1108) animals (without endogenous DRP-1) as in wild-type animals (Table S1 ). This result indicates that the endogenous DRP-1 protein is not a target of DRP-1(K40A).
Since some weak cell-death mutations that do not block cell death on their own can enhance the cell-death defect caused by weak alleles of ced-3 or ced-4 (Parrish et al., 2001; Stanfield and Horvitz, 2000; , we constructed strains The indicated strains were stained with TMRE, and four-cell stage embryos were visualized by Differential Interference Contrast (DIC, left) and rhodamine fluorescence (right) microscopy. Compared with the wild-type embryo (A), the mitochondrial network is highly connected in the drp-1(tm1108) and fzo-1(tm1133); drp-1(tm1108) embryos (B and H), indistinguishable from that of the wild-type embryo in fis-1(tm1867), fis-2(gk363), and fis-1(tm1867); fis-2(gk363) embryos (C-E), and highly fragmented in fzo-1(tm1133) and eat-3(ad426) embryos (F and G). Scale bar represents 10 mm. (I-M) Representative electron micrographs of embryos from the following strains are shown:
, and eat-3(ad426) (M). Scale bar represents 1 mM. Arrows indicate the longitudinal axis of mitochondria. (N) Quantification of the mean mitochondrial length. Randomly selected mitochondria from electron micrographs were measured along their longitudinal axis. For each strain, mitochondria were selected from over 10 different embryos inside at least two thin-sectioned gravid adult animals. SEM, standard error of the mean. n, the number of mitochondria scored.
carrying each of the mitochondrial fission or fusion mutant alleles in a weak ced-3 loss-of-function background (n2438) to determine if fzo-1, eat-3, drp-1, fis-1, or fis-2 might play a facilitatory role in programmed cell death. Analysis of fzo-1(tm1133); ced-3(n2438) animals and eat-3(ad426); ced-3(n2438) animals did not reveal a significant decrease or increase in the number of extra cells compared with ced-3(n2438) animals (Table 2), confirming that eat-3 and fzo-1 do not affect cell death in C. elegans. However, analysis of drp-1(tm1108) ced-3(n2438) animals revealed a small but significant increase in the number of extra cells over that observed in ced-3(n2438) animals; 2.5 extra cells were seen in the anterior pharynx of drp-1(tm1108) ced-3(n2438) animals compared to 1.3 extra cells seen in ced-3(n2438) animals (p < 0.005, unpaired two-tailed t test). A similar increase in extra cells was observed in ced-3(n2438); fis-2(gk363), ced-3(n2438); fis-2(tm1832), and fis-1(tm1867); ced-3(n2438); fis-2(gk363) animals, but not in fis-1(tm1867); ced-3(n2438) or fis-1(tm2227); ced-3(n2438) animals, suggesting that fis-2, but not fis-1, also affects apoptosis in the worm. The different effects of fis-1 and fis-2 on somatic apoptosis may be due to the fact that fis-1 expression is enriched in the germline, whereas fis-2 expression is enriched in the soma (Reinke et al., 2004) . However, we have not detected a germ cell-death defect in fis-1(tm1867) animals, even in sensitized genetic backgrounds (data not shown).
drp-1(tm1108) or fis-2(gk363) also weakly increased the number of extra cells observed in a weak ced-4(n2273) mutant background ( Table 2 ), suggesting that drp-1 and fis-2 alleles can enhance the cell-death defect in different genetic backgrounds. Thus, drp-1 and fis-2 play minor roles in cell death, which are only observable in sensitized genetic backgrounds. Importantly, a GFP::FIS-2 fusion protein localizes to mitochondria ( Figure S6 ), suggesting that FIS-2, like DRP-1 , exerts its proapoptotic function at this organelle.
Given that in yeast and mammals, DRP1 and FIS1 proteins can interact and promote mitochondrial fission (Okamoto and Shaw, 2005; Yu et al., 2005) , it would seem likely that drp-1 and fis-2 function in the same cell-death pathway in C. elegans. If so, animals doubly mutant for drp-1 and fis-2 would have the same cell-death defect as either of the single mutants. Alternatively, 
The number of extra cells in the anterior pharynx of the indicated animals was counted as described in the Experimental Procedures. SEM, standard error of the mean. Unpaired two-tailed t test, compared with N2 animals: 
The number of extra cells in the anterior pharynx of the indicated animals was counted. All data involving the ced-3(n2438) strains were confirmed by multiple independent blind test analyses. SEM, standard error of the mean. Unpaired two-tailed t test, compared with ced-3(n2438) animals: 
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if these two genes function in different cell-death pathways, a more severe cell-death defect would be observed in the drp-1; fis-2 double mutant. As shown in Figure S4C , drp-1(tm1108); fis-2(gk363) and drp-1(tm1108); fis-2(tm1832) double mutants had significantly fewer cell corpses than N2 and the single mutant animals, suggesting a reduction in cell death. Moreover, half of the drp-1(tm1108); fis-2(gk363) and drp-1(tm1108); fis-2(tm1832) animals had at least one and sometimes two extra cells in their anterior pharynx (a mean of 0.6 and 0.5 extra cell, respectively), which were only occasionally seen in N2 and the single mutant animals ( Table 2 ). Given that drp-1(tm1108) and fis-2(tm1832) mutations are putative null alleles (Figures S2, S5, and S7) and can additively reduce cell death, drp-1 and fis-2 likely function independent of each other during apoptosis. However, the possibility that they have partially redundant functions cannot be ruled out. Consistent with the proposal that drp-1 and fis-2 function independently during apoptosis, overexpression of FIS-2 could induce ectopic apoptosis in C. elegans independent of drp-1 (Table S2) , whereas overexpression of a FIS-2(1-124) mutant lacking its transmembrane domain did not. On the other hand, overexpression of drp-1 did not induce ectopic apoptosis (Table S2) ; however, overexpression of drp-1 did cause excessive mitochondrial fission shortly after overexpression (data not shown) and could rescue the apoptosis and mitochondrial fission defects observed in drp-1(tm1108) ced-3(n2438) animals ( Figure S8 ).
drp-1 and fis-2 Act Independently of ced-9 during Programmed Cell Death BAX, a mammalian proapoptotic Bcl-2 family member, was reported to promote mitochondria fission and colocalize with DRP1 at sites of mitochondrial fission during apoptosis (Frank et al., 2001; Karbowski et al., 2002) , leading to the hypothesis that these two proteins function together to cause apoptotic mitochondrial fission (Youle and Karbowski, 2005) . In C. elegans, Jagasia et al. reported that the Bcl-2 homolog ced-9 is required for drp-1-mediated mitochondrial fission and proposed that CED-9, like BAX, functions with DRP-1 to promote mitochondrial fragmentation and apoptosis by releasing caspase activating factors from mitochondria . A proapoptotic function for ced-9 was first suggested by the finding that in weak ced-3(lf) mutants, ced-9(lf) mutations unexpectedly increase, rather than decrease (as expected of its antiapoptotic function), the number of extra surviving cells in the anterior pharynx (Hengartner and Horvitz, 1994) . This finding was interpreted as evidence that ced-9 has both proapoptotic and antiapoptotic functions. If drp-1 or fis-2 acts in the ced-9 proapoptotic pathway, then drp-1(tm1108) and fis-2(gk363) alleles are not expected to increase the number of extra cells in the ced-9(n2812);
ced-3(n2438) mutant, which contains a putative ced-9 null allele (Hengartner et al., 1992) . As shown in (Table 3 ). The fact that drp-1(tm1108) and fis-2(gk363) null alleles additively increase the number of extra cells observed in the absence of ced-9 activity strongly suggests that DRP-1 and FIS-2 function independently of CED-9 to promote programmed cell death in C. elegans.
drp-1 and fis-2 Act Downstream of, or in Parallel to, ced-3 to Promote Cell Death We conducted further genetic epistasis analysis to determine where drp-1 and fis-2 act in the programmed cell-death pathway in relation to egl-1 and ced-3. Ectopic expression of egl-1 driven by the C. elegans heat shock promoters (P hsp egl-1) resulted in increased apoptosis in C. elegans embryos and the accumulation of over 40 cell corpses (Table 4) . EGL-1-induced cell killing was completely blocked by a strong loss-of-function ced-3 mutation (n717) but was not affected by either the drp-1(tm1108) or the fis-2(gk363) mutation. EGL-1-induced killing, however, was significantly inhibited (approximately 40%) in the drp-1(tm1108); fis-2(gk363) double mutant, which is consistent with our previous observation that drp-1(tm1108) and fis-2(gk363) mutations additively reduce cell death. Similarly, expression of an activated form of CED-3 (acCED-3) under the control of the egl-1 promoter (P egl-1 acCED-3) induced ectopic cell deaths and an average of 28 cell corpses in the ced-1(e1735); ced-4(n1162) mutant (Table 4 ; The number of extra cells in the anterior pharynx of the indicated animals was counted as described in 
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drp-1 and fis-2 Regulate Apoptosis in C. elegans Kokel et al., 2006) . Since the ced-4(n1162) mutation abolishes almost all naturally occurring cell deaths in C. elegans (Ellis and Horvitz, 1986) , cell corpses observed in the ced-1(e1735); ced-4(n1162) mutant are strictly acCED-3-induced cell deaths. As in the case of EGL-1-induced cell killing, acCED-3-induced apoptosis was not affected by either the drp-1(tm1108) mutation or the fis-2(gk363) mutation (Table 4) , probably because loss of either gene alone is insufficient to block acCED-3-induced cell death. However, drp-1(tm1108); fis-2(gk363) double mutant animals displayed a 30% reduction in acCED-3-induced cell corpses (Table 4) , again consistent with previous observations that these two mutations additively inhibit cell death. The observation that drp-1(tm1108) and fis-2(gk363) mutations together inhibit both EGL-1-and acCED-3-induced cell killing to a similar degree suggests that these genes function downstream of, or in parallel to, activated CED-3 to promote cell-death execution. A role for drp-1 and fis-2 downstream of ced-3 is consistent with the very weak cell-death defect observed in the drp-1(tm1108), fis-2(gk363), or fis-2(tm1832) mutant ( Figure S4 , Tables 1 and 2) , as CED-3 likely triggers multiple cell-death execution pathways, and disruption of only one of these downstream pathways is unlikely to block cell death (Parrish et al., 2001; .
drp-1 and fis-2 Function Independently of the cps-6/wah-1 DNA Degradation Pathway A conserved aspect of apoptosis between C. elegans and humans is the role of apoptosis-inducing factor (AIF) and endonuclease G (wah-1 and cps-6 in C. elegans, respectively) in mediating apoptotic DNA degradation. AIF and endonuclease G reside in mitochondria of healthy cells but are released from mitochondria and translocate to the nucleus during apoptosis Susin et al., 1999) . In C. elegans, CPS-6 and WAH-1 function together to promote apoptotic DNA degradation, most likely acting downstream of activated CED-3, since cps-6 was identified as a suppressor of acCED-3-induced cell deaths and WAH-1 is released from mitochondria in a ced-3-dependent manner (Parrish et al., 2001; . We thus investigated whether drp-1 or fis-2 might function in the CPS-6/ WAH-1 mitochondrial cell-death pathway. Like the drp-1(tm1108) and fis-2(gk363) mutations, wah-1(RNAi) and cps-6(RNAi) weakly increased the number of extra cells observed in the anterior pharynx of ced-3(n2438) animals (Table 2; Parrish et al., 2001; . Importantly, wah-1(RNAi) and cps-6(RNAi) also increased the number of extra cells observed in drp-1(tm1108) ced-3(n2438), ced-3(n2438) ; fis-2(gk363), and drp-1(tm1108) ced-3(n2438); fis-2(gk363) animals, compared with corresponding control(RNAi) treatment (Table 2) . Moreover, cps-6(RNAi) or wah-1(RNAi) treatment of the fis-2(gk363) single mutant or drp-1(tm1108); fis-2(gk363) double mutant also resulted in stronger inhibition of acCED-3-induced cell killing than when control(RNAi) was used (Table 4) . Taken together, these data suggest that drp-1 and fis-2 do not function in the cps-6/wah-1 DNA degradation pathway and that these genes may act in three independent mitochondrial pathways downstream of the CED-3 caspase to facilitate execution of cell death. is an integrated transgene containing the P hsp egl-1 constructs. EGL-1 expression was activated by heat shock treatment, and the number of cell corpses in the head region of 1.5-fold stage embryos was scored. P egl-1 acCED-3 (smIs111) is an integrated transgene containing the P egl-1 acCED-3 construct (Kokel et al., 2006) . acCED-3 is therefore expressed in cells normally destined to die. The number of cell corpses was counted in the head region of the 4-fold stage embryos. RNAi experiments were carried out as described in the Experimental Procedures. All P egl-1 acCED-3 strains were in the ced-1(e1735); ced-4(n1162) background, and results were confirmed by multiple independent blind test analyses. SEM, standard error of the mean. Unpaired two-tailed t test, compared with P hsp egl-1 animals: a p = 8.7 3 10 
drp-1 and fis-2 Regulate Apoptosis in C. elegans established CED-3 recognition motif (DEXD) (Thornberry et al., 1997) . A mutant DRP-1 protein carrying an Asp 118 to Ala substitution (DRP-1 D118A ) failed to be cleaved by CED-3 (Figure 2A ), confirming that D 118 is the major CED-3 cleavage site in DRP-1.
We then determined whether cleavage of DRP-1 by CED-3 is important for DRP-1's proapoptotic function by introducing a construct containing a 3994 bp drp-1 genomic fragment (drp-1[+]) or the drp-1 fragment carrying the CED-3-resistant DRP-1 D118A mutation (drp-1[D118A]) into drp-1(tm1108) ced-3(n2438) animals along with P myo-3 mitoGFP. P myo-3 mitoGFP drives the expression of mitochondrial matrix localized GFP in body wall muscle cells and can be conveniently used to assess the rescue of the mitochondrial fission defect in drp-1(tm1108) ced-3(n2438) animals. As shown in Figure 2B , mitochondria in body wall muscle cells were labeled brightly by mitoGFP and appeared as connected clumps and blebs in drp-1(tm1108) ced-3(n2438) animals compared to the regular pattern of mitochondrial tubules observed in N2 animals. Both drp-1(+) and drp-1(D118A) transgenes completely rescued the mitochondria fission defect in drp-1(tm1108) ced-3(n2438) animals ( Figure 2B ), indicating that DRP-1 D118A has normal mitochondrial fission activity. However, in contrast to the drp-1(+) . Unpaired two-tailed t test, compared with ced-3(n2438) animals, *p < 0.005; compared to drp-1(tm1108) ced-3(n2438) animals, **p < 0.005.
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transgene, which could rescue the enhanced cell-death defect in drp-1(tm1108) ced-3(n2438) animals (a mean of 2.5 extra cells) back to the level of ced-3(n2438) animals (a mean of 1.3 extra cells), the drp-1(D118A) transgene failed to do so ( Figure 2C ), even though DRP-1 and DRP-1 D118A were expressed at similar levels ( Figure S9 ). The drp-1(D118A) transgene also failed to rescue the enhanced cell-death defect in ced-4(n2273); drp-1(tm1108) animals back to the level seen in ced-4(n2273) animals ( Figure S10 ). Expression of the predicted caspase cleavage fragments of DRP-1 (DRP-1 1-118 and DRP-1 119-712 ) either alone or together failed to rescue the mitochondrial fission and cell-death defects in drp-1(tm1108) ced-3(n2438) animals ( Figure 2C , Figure S11 , and data not shown). However, the enhanced cell-death defect in drp-1(tm1108) ced-3(n2438) animals was completely rescued by coexpression of DRP-1 119-712 with
, even though expression of each protein alone had no rescuing activity ( Figure 2C ). The fact that drp-1(D118A) completely rescues the mitochondrial fission defect in drp-1(tm1108) ced-3(n2438) animals, but not the apoptosis defect caused by drp-1(tm1108), and that coexpression of DRP-1 119-712 and DRP-1 D118A could bypass the requirement for DRP-1 cleavage in drp-1(tm1108) ced-3(n2438) animals, suggests that the proapoptotic function of DRP-1 is dependent on its cleavage by the CED-3 caspase and that one of the CED-3 cleavage products, DRP-1 , functions with full-length DRP-1 to exert its proapoptotic effect. These results also provide direct evidence that DRP-1 acts downstream of the CED-3 caspase to promote apoptosis.
Changes in Mitochondria in Apoptotic Cells
To determine the roles of drp-1 and fis-2 in apoptosis, we performed EM analysis of mitochondria in apoptotic cells of drp-1(tm1108) and fis-2(gk363) embryos that also carried a ced-1(e1735) mutation. ced-1(e1735) disables cell-corpse engulfment and allows sampling of more cell corpses (Hedgecock et al., 1983) . Serial EM sections through ced-1(e1735), ced-1(e1735); drp-1(tm1108), or ced-1(e1735); fis-2(gk363) 4-fold stage embryos were obtained and the mean mitochondrial length ( Figure 3E ), the number of mitochondria observed in cell corpses ( Figure 3F ), and the percentage of mitochondrial content in the cell corpses (mitochondria area index) ( Figure 3G ) were quantified. Living cells in ced-1(e1735) embryos typically had one to three large mitochondria, with a mean mitochondrial length of 0.96 mm and a 15.4% mitochondria area index ( Figures  3A, 3E , 3F, and 3G). In contrast, 58% of ced-1(e1735) cell corpses observed in EM sections contained 1 to 2 small and spherical mitochondria (mean length 0.38 mm, Figures 3B and 3E ) and 42% of them had no identifiable mitochondria at all ( Figure 3F ). In addition, the mitochondria area index was reduced to 8.1% in ced-1(e1735) cell corpses ( Figure 3G ). These results suggest that mitochondria are reduced or lost during apoptosis, which would eliminate cellular energy production and thus contribute to the demise of the cell (Arnoult et al., 2005; Skulachev et al., 2004) . Interestingly, the mean length of remaining mitochondria in ced-1(e1735) cell corpses was close to the size of mitochondria in fzo-1(tm1133) or eat-3(ad426) living cells (0.38 mm and 0.44 mm, Figure 1N ), again indicating that fragmentation of mitochondria per se does not cause apoptosis but, rather, is a consequence of the apoptotic cell disassembly process. In cell corpses of ced-1(e1735); drp-1(tm1108) embryos, we observed both large, elongated and small, spherical mitochondria ( Figure 3C and Figure S12 ) with a mean length of 0.73 mm (Figure 3E) , which is significantly shorter than that in drp-1(tm1108) living cells (2.28 mm, Figure 1N ). This observation suggests that mitochondria breakdown or fragmentation can still occur in the drp-1(tm1108) apoptotic cells in the absence of the DRP-1 activity but may not proceed to completion due to the much larger size of mitochondria before the onset of apoptosis. However, there was no obvious reduction of the mitochondrial area index (14.2%) in ced-1(e1735); drp-1(tm1108) cell corpses. drp-1 may therefore affect elimination of mitochondria during apoptosis. Mitochondria were small and spherical in ced-1(e1735); fis-2(gk363) cell corpses, with a mean length similar to that observed in ced-1(e1735) cell corpses ( Figures 3D and 3E ). However, the number of mitochondria observed in ced-1(e1735); fis-2(gk363) cell corpses was generally higher than in ced-1(e1735) corpses ( Figure 3F ), with fewer instances of no mitochondria observed and more instances of 2 to 3 mitochondria observed in single cross-sections of a corpse. Consistently, there was little reduction in mitochondria area index in ced-1(e1735); fis-2(gk363) cell corpses ( Figure 3G ), suggesting that fis-2 is also involved in the removal or elimination of mitochondria from dying cells. Mitochondria in cell corpses did not appear swollen, nor did we observe rupture of the outer mitochondrial membrane or obviously remodeled cristae ( Figures 3A-3D) . Therefore, some of the apoptotic mitochondrial morphology transitions reported in mammals (Scorrano et al., 2002) may not occur in C. elegans.
DISCUSSION
Mitochondrial fission and fusion processes have recently been proposed as important mechanisms in regulating the release of mitochondrial apoptogenic factors such as cytochrome c and subsequent activation of caspases in C. elegans, D. melanogaster, and mammals (Abdelwahid et al., 2007; Frank et al., 2001; Frezza et al., 2006; Goyal et al., 2007; James et al., 2003; Karbowski et al., 2002 Karbowski et al., , 2004 Lee et al., 2004; Sugioka et al., 2004) . However, a comprehensive genetic analysis of the roles of mitochondrial dynamin genes in apoptosis has not been reported. Using live imaging and highresolution electron microscopy, we show that mitochondria are constitutively fragmented in C. elegans animals deficient in the profusion genes fzo-1 and eat-3 and that normal cristae structure is lost in the eat-3 mutant. However, no excess cell death is observed in these mutants, despite the fact that mitochondria in living cells of these animals are of a similar size to those observed in apoptotic cells ( Figure 1N and Figure 3E ). On the other hand, in the drp-1(tm1108) strong loss-of-function mutant, mitochondria are fused together into a long, connected network, yet programmed cell death appears to occur normally, although a mild cell-death defect could be detected in sensitized genetic backgrounds. These observations argue against a casual relationship between the connectivity of the mitochondrial network and the extent of programmed cell death and the hypothesis that the mitochondrial fission process activates apoptosis in C. elegans.
Our study reaches a different conclusion from a previous report , which suggested that DRP-1-mediated mitochondrial fission functions upstream of caspase activation in C. elegans. The different conclusions could be attributed to the different methods used to inactivate the drp-1 gene. Our finding was based on analysis of the drp-1 null mutant, whereas the other study was based on analysis of animals overexpressing a dominant-negative DRP-1(K40A) mutant. However, we found that overexpression of DRP-1(K40A) still inhibits apoptosis in drp-1(tm1108) animals that have no endogenous drp-1 protein and have no cell-death defect on its own (Table S1 ), suggesting that DRP-1(K40A) may have an off-target effect on apoptosis. Furthermore, we found that overexpression of drp-1 failed to induce ectopic apoptosis (Table S2) , which is consistent with the (H) A model for programmed cell death in C. elegans. In cells programmed to die, EGL-1 antagonizes the CED-4-inhibitory activity of CED-9, allowing CED-4 to activate the CED-3 zymogen. Activated CED-3 triggers three independent cell-death pathways derived from the mitochondrion, mediated by DRP-1, FIS-2, and CPS-6/WAH-1. Cleavage of DRP-1 by CED-3 is important for DRP-1's proapoptotic function, which may contribute to the removal of mitochondria. FIS-2 may also independently promote the elimination of mitochondria from dying cells. The release of CPS-6 and WAH-1 from mitochondria and translocation to the nucleus triggers apoptotic DNA degradation (Parrish et al., 2001; .
findings that cleavage of DRP-1 by CED-3 could be important for activating DRP-1's proapoptotic function and that ectopic apoptosis is not observed in either fzo-1(tm1133) or eat-3(ad426) animals ( Figure S4 ), where mitochondria are highly fragmented. These findings underscore the need to study mitochondrial dynamins in a physiological context. In mammals, the profusion protein OPA1 forms oligomers that maintain tight cristae junctions, preventing release of cytochrome c from cristae folds until cells are committed to die (Cipolat et al., 2006; Frezza et al., 2006) . This OPA1 checkpoint does not appear to exist in the worm, possibly because CED-4 can directly activate the CED-3 zymogen independent of cytochrome c or other mitochondrial factors (Yan et al., 2005) . DRP1-mediated mitochondrial fission has been proposed to be an important cellular event that occurs upstream of cytochrome c release and caspase activation in mammals (Frank et al., 2001) and an event that may activate the CED-3 caspase in C. elegans via a mechanism dependent on a unique ced-9 cell killing activity . However, this proposed ced-9-dependent, caspase-activating role by DRP-1-mediated mitochondria fission is contradicted by the following findings: (1) drp-1 promotes apoptosis independent of ced-9 in C. elegans (strong loss-offunction drp-1 and ced-9 mutations additively cause defects in cell death; Table 3 ); (2) drp-1 genetically acts downstream of the ced-3 caspase (Table 4) , and DRP-1 can be cleaved by the CED-3 caspase; and (3) the CED-3-resistant DRP-1 D118A mutant has normal mitochondrial fission function but is defective in its proapoptotic function (Figure 2 ), providing strong evidence that DRP-1 and mitochondria fission do not regulate CED-3 activation. Instead, we propose that CED-9 functions at an early step to regulate caspase activation by preventing the formation of CED-4 oligomers needed for CED-3 activation (Chinnaiyan et al., 1997; Conradt and Horvitz, 1998; Parrish et al., 2000; Yan et al., 2005) , whereas drp-1 and other genes such as fis-2 and cps-6/wah-1 act late in the apoptosis program, after the CED-3 caspase is already activated, to independently mediate various important cell-death execution events, including removal of mitochondria and fragmentation of chromosomes ( Figure 3H ), all of which concertedly facilitate the demise of a cell. The downstream cell dismantling pathways mediated by drp-1, fis-2, and cps-6/wah-1 may be conserved between C. elegans and mammals. Indeed, CPS-6/endoG and WAH-1/AIF are conserved regulators of the apoptotic DNA degradation event (Susin et al., 1999; Parrish et al., 2001; Li et al., 2001; , and mitochondrial release of AIF and WAH-1 appears to occur after caspase activation in both C. elegans and mammalian apoptosis Arnoult et al., 2003; Lakhani et al., 2006) . In C. elegans, CED-3 could cleave a fraction of DRP-1, leading to the formation of DRP-1 complexes containing both full-length DRP-1 and DRP-1 , which may redirect DRP-1 activity toward apoptotic mitochondrial elimination. Thus, the primordial apoptotic role for drp-1 may be to eliminate mitochondria after caspase activation, although Drp1 may have evolved an additional apoptotic role in mediating the release of cytochrome c from mitochondria in mammals (Cassidy-Stone et al., 2008; Frank et al., 2001) . Altogether, our findings underscore an important role of mitochondria in the cell disassembly processes rather than the activation of apoptosis in C. elegans.
EXPERIMENTAL PROCEDURES

Counting of Cell Corpses and Extra Cells
The number of cell corpses in the head region of living embryos or L1 larvae and the number of extra surviving cells in the anterior pharynx of L4 larvae were determined as described previously (Hengartner et al., 1992; Stanfield and Horvitz, 2000) . Statistical analysis was preformed using Microsoft Excel 2004 software.
DRP-1 Antibody cDNA fragments encoding the full-length or the first 270 residues of DRP-1 were subcloned into the pGEX-4T-3 vector (Amersham Biosciences) and expressed in E. coli BL21 strain. Recombinant GST-DRP-1 proteins were purified from the soluble fraction of the bacterial lysates using Glutathione Sepharose 4B beads (GE Healthcare). Rats were immunized with a mixture of purified GST-DRP-1 and GST-DRP-1(1-270) proteins and terminal bleeds were affinity purified against GST-DRP-1(1-270) as previously described (Wang et al., 2007) .
CED-3 Cleavage Assay
One microliter of [
35 S] Methionine-labeled DRP-1 and DRP-1 D118A (TNT Reticulocyte Lysate, Promega) was incubated with 5 ng of recombinant CED-3 protein in 10 ml of CED-3 buffer (50 mM Tris HCl [pH 8.0], 0.5 mM EDTA, 0.5 mM sucrose, and 5% glycerol) at 37 C for 2 hr. The reactions were terminated by the addition of SDS gel loading buffer, resolved on a 10% SDS-PAGE gel, and subjected to autoradiography.
Live Imaging of C. elegans Mitochondria and Electron Microscopy
Labeling of mitochondria with tetramethylrhodamine ester (TMRE; Molecular Probes) was carried out as previously described . Imaging of MitoGFP in body wall muscle cells was done as described previously . Detailed protocols for visualization of mitochondria by electron microscopy and quantification of mitochondrial length, mitochondria number in cell corpses, and mitochondrial area index are described in the Supplemental Data. Strains of C. elegans were maintained at 20°C using standard protocols (Brenner, 1974) .
N2 was the wild type stain. Alleles of ced-3, ced-4 and ced-9 used in this study have been described previously (1997) . eat-3(ad426) and fis-2(gk363) mutants were obtained from Caenorhabditis Genetics Center (CGC) (Avery, 1993 , fis-1(tm1867), fis-1(tm2227), and fis-2(tm1832) animals were obtained from Japan National Bioresource Project (NBRP). All strains were backcrossed with N2 animals 5-10 times prior to analysis. cps-6 and wah-1 RNAi treatment was carried out using a bacterial feeding protocol as previously described (Kamath et al., 2001; . Animals were subjected to two generations of RNAi treatment and F2 progeny were scored for the cell death defects.
Molecular Biology
P hsp egl-l, P hsp drp-1, and P hsp fis-2 expression vectors were constructed by subcloning the respective full-length cDNAs into the pPD49.78 and pPD49.83 vectors, which harbor the C. elegans hsp-16.2 and hsp-16.41 
Transgenic Animals
Plasmids (2-25 µg/ml) were injected into unc-76(e911), N2, drp-1(tm1108) ced-3(n2438), or ced-4(n2273); drp-1(tm1108) animals with p76-16B (25 µg/ml), a construct that rescues the unc-76(e991) mutant, or with pRF4 (25 µg/ml), a dominant rol-6 construct, or with P myo-3 MitoGFP as co-injection markers. For the rescuing experiments with drp-1(tm1108) ced-3(n2438) animals, drp-1(+) or drp-1(D118A) constructs were injected at 10 µg/ml, while drp-1(D118A) and drp-1(119-712) constructs were co-injected at 10 µg/ml and 2 µg/ml, respectively. Stable transgenic lines of non-Unc animals, Roller animals, or GFP transgenic animals were then selected.
An integrated line containing the P hsp egl-1 constructs (smIs82) or the P egl-1 acCED-3 construct (smIs111) was obtained by irradiating the animals with the corresponding extrachromosomal arrays with gamma rays and screening for progeny with 100% inheritance of the transgene. Integrants were backcrossed with N2 animals five times prior to crossing into the various mitochondrial fission and fusion mutants. For the heatshock experiments, heat-shock treatment of animals was carried out as previously described and the number of cell corpses at the 1.5-fold stage embryos was counted 2-3 hours post the heat-shock treatment.
Live imaging of C. elegans mitochondria and electron microscopy
Labeling of mitochondria with tetramethylrhodamine ester (TMRE; Molecular Probes) was carried out as previously described . Embryos were dissected from gravid adults on a 2% agar pad soaked in M9 buffer and visualized using an Axioplan 2 Nomarski Microscope (Carl Zeiss MicroImaging Inc., Thorton, NY, USA) equipped with a SensiCam CCD camera and slidebook 4.0 software (Intelligent Imaging Innovations, Denver, CO, USA). Imaging MitoGFP in body wall muscle cells was done as described previously . For visualization of mitochondria by electron microscopy, adult worms were mixed with E. coli and loaded into type B highpressure freezing planchettes (Baltec, Tucson, AZ). After cryofixed by Baltec HPM010 high-pressure freezer, the samples were freeze-substituted in anhydrous acetone containing 2% osmium tetroxide at -80 o C for 4 days and slowly warmed to room temperature over 48 hours. Infiltration with EPON/Araldite resin (Ted Pella, Reddings, CA), mounting, sectioning, and post-staining were performed essentially as described (Muller-Reichert et al., 2003) . Worms and embryos were observed with a Philips (Hillsboro, OR) CM10 electron microscope operated at 80 kV. To prepare 4-fold stage embryos for EM sectioning, adult hermaphrodite animals were starved 5-6 hours prior to fixation so that embryos could mature and accumulate in the uterus of animals.
Quantification of EM sections was preformed with Image J software. Mitochondrial length was estimated by measuring the longest longitudinal axis of randomly selected mitochondria. For each strain, mitochondria were selected from over 10 different embryos inside at least two thin-sectioned gravid adult animals. The mean length of mitochondria in drp-1(tm1108) animals is likely to be highly underestimated because as the length of an individual mitochondrion increases, the chance of capturing the entire organelle in a single thin sectioned plane decreases. In cases where serial sectioning was employed, the section in which a given mitochondria appeared largest was chosen for measurement. To quantify mitochondria in cell corpses, a single section through each cell corpse was chosen at random and the number of individual mitochondria in that section was counted. This method was adopted instead of quantifying the total number of mitochondria observed in serial sections through a cell corpse, because it rules out bias that may be attained if a series of sections does not go completely through a cell corpse and allows a greater sampling number. To obtain the mitochondrial area index, serial sections through a cell corpse were analyzed and the sections where each mitochondrion appeared largest were chosen for area measurement. The areas of each mitochondrion measured in a cell corpse were added and then divided by the total area of the corpse (measured from the section where the corpse area appeared largest). Figure S1 . Alignment of Fis genes from human, mouse, X. laevis, C. elegans, and S.
cerevisiae. Sequences were aligned and shaded using the ClustalW and BoxShade programs, respectively. Identical residues are shaded in black and conserved residues are shaded in grey. drp-1(K40A) ] #4 + HS 0.9 0.2 0-2 20 Animals were injected with a construct that expresses drp-1(K40A) under the control of the heat-inducible promoter (P hsp ). Heat-shock treatment (+ HS) was carried out as described by and the number of extra cells in the anterior pharynx of the transgenic animals was scored as described in Experimental Procedures. For each experiment [with or without heat-shock treatment (-HS) or in wild-type (+/+) or drp-1(tm1108) background], four independent transgenic lines were scored (indicated by #). s.e.m., standard error of the mean. n indicates the number of transgenic animals scored.
